Background: Recent studies have highlighted the relationship between gut microbiota and bowel movements. Objective: We aimed to evaluate transglucosidase treatment efficacy for bowel movements in patients with type 2 diabetes mellitus and to clarify the relationship between bowel movements, dietary habits, gut microbiota and fecal short-chain fatty acids. Methods: In this randomized double-blind, placebo-controlled study, 66 patients received placebo or transglucosidase (300 or 900 mg/day) orally, for 12 weeks. Fecal bacterial communities and short-chain fatty acids were analyzed before and after the treatment. Results: Transglucosidase treatment significantly (p < 0.05) affected fecal microbiota (Prevotella spp., Bacteroides spp., Bifidobacterium spp., and Clostridium subcluster XIVa) and fecal short-chain fatty acid (acetate, valerate, succinate and lactate) content. Clostridium cluster IV, Clostridium subcluster XIVa, Clostridium cluster XVIII and fecal pH increased significantly and order Lactobacillales decreased in patients with bowel movement disorder compared with controls. Transglucosidase treatment significantly improved bowel movements compared with placebo treatment (46.2%, 95% confidence interval: 19.2-74.9% vs. 0%, 95% confidence interval: 0-33.6%, p < 0.05). This effect was not observed in patients without bowel movement disorder. Conclusion: Patients with bowel movement disorder suffer from gut dysbiosis. Transglucosidase treatment alleviates bowel movement disorder symptoms in type 2 diabetes mellitus patients by increasing fecal acetate level.
Introduction
We have recently developed a novel strategy employing Aspergillus niger transglucosidase (TGD) to produce oligosaccharides from starch in the human digestive tract. This strategy aimed to decrease postprandial blood glucose levels in individuals with impaired glucose tolerance and at high risk of developing type 2 diabetes mellitus (T2DM). 1 Furthermore, we demonstrated that TGD administration decreases glycosylated hemoglobin (HbA1c) and insulin levels in T2DM patients. 2 We subsequently proposed that the TGD treatment decreases blood glucose levels and prevents body weight gain in T2DM patients by inducing the production of oligosaccharides in the alimentary tract and modulating the composition of gut microbiota. 3 We reported that TGD treatment is safe because of a lack of serious adverse events in the treatments. [4] [5] [6] Intestinal enteropathy, which can cause diarrhea and/or constipation, is one of the major gastrointestinal complications in T2DM patients. Chronic bowel movement disorder (BMD) is a common gastrointestinal symptom in T2DM, and it decreases the patient's quality of life. [4] [5] [6] Increasing evidence points to a relationship between BMD and gut microbiota. 7, 8 However, whether the changes of gut microbiota reflected the effects of BMD or the confounding effects of altered fiber or fat intake was unclear. To the best of our knowledge, no data on gut dysbiosis in T2DM patients suffering from BMD have been reported.
This study aimed to compare the gut microbiota of T2DM patients with and without BMD. Furthermore, we aimed to clarify the relationship between gut microbiota and patients' dietary habits, and also to clarify the effect of TGD on bowel movements in T2DM patients.
Materials and methods

Trial design and study subjects
This study was conducted according to the World Medical Association Declaration of Helsinki. It was designed as a randomized, double-blind, placebocontrolled trial and was conducted in Japan. The ethics review committee of the Nagoya City Graduate University School of Medical Sciences granted approval of this study (approval number 45-07-0009), and written informed consent was obtained from all the subjects.
The patient enrollment criteria and study design were as described previously. 1 The 74 patients recruited during our previous trial were enrolled for this study as well. 1 Based on previous experiments, we used TGD dosages of 300 and 900 mg/day. 2, 9 TGD (3,000,000 U/g) was purchased from Amano Enzyme Inc. (Nagoya, Japan). Capsules containing TGD (50 and 150 mg) and placebo were prepared by Adaptogen Pharmaceutical Co. Ltd (Tajimi, Japan). Patients took two capsules after every meal for 12 weeks, and fecal and blood sampling was performed prior to and at the end of the study.
Using simple randomization technique, the patients were randomized into three groups (1:1:1 proportion) according to treatment. The allocation of capsules and placebo was blinded until the end of the study. A statistician generated the randomization list managed by a clinical research coordinator.
The primary outcome was the change in HbA1c levels (previously reported). 1 Important secondary outcomes included the change in fecal microbiota and bowel movements. Patients whose fecal samples were collected before and after the treatment in our previous study 1 were included in the evaluation. The patients received stable dosages of medication throughout the study. The sample size calculation was based on a previous study, 2, 9 and based on an alpha of 0.05 with a power of 80%. Taking into account a 10% drop-out, total sample size of 66 patients was randomized.
Assessment of patient nutrient intake
To evaluate nutrient intake, a data-based short food frequency questionnaire 10 was used.
Assessment of bowel movements
Bowel movement type was categorized as follows: (1) BMs-C: mostly constipation, <1 bowel movement per two days, need for laxatives because of constipation; (2) BMs-D: mostly diarrhea, loose or watery stools, or urgency; (3) BMs-M: mixed type, constipation and diarrhea; and (4) control: normal bowel movements. BMD includes BMs-C, BMs-D and BMs-M.
Before the treatment, the study participants answered the following: 'Do you think you have a constipation: yes, no?' After the 12-week treatment, the changes in bowel movement were subjectively assessed by the patients (patient-reported outcome). The participants answered the following: 'Which of the following best describes your bowel movements compared to before treatment: improved, not changed, worsened?'
Extraction of fecal DNA
The fecal samples (20 mg per 200 ml of sterile distilled water) were suspended in 800 ml of a solution containing 4 M guanidinium thiocyanate, 100 mM Tris-HCl (pH 9.0) and 40 mM EDTA. The samples were then beaten with glass beads, using a mini bead beater (BioSpec Products, Bartlesville, OK, USA). Thereafter, DNA was extracted from the bead-treated suspension using benzyl chloride, as described by Zhu et al. 11 The DNA extract was then purified using a GFX polymerase chain reaction DNA and Gel Band Purification Kit (Amersham Biosciences, Piscataway, NJ, USA). The final concentration of each DNA sample was adjusted to 10 ng/ml.
Terminal restriction fragment length polymorphism (T-RFLP)
The amplification of 16S rDNA, restriction enzyme digestion, size fractionation and analysis of T-RFLP data were performed according to the protocol described by Nagashima et al. 12 Terminal restriction fraction (T-RF) length was determined using an ABI PRISM 3130 Â 1 genetic analyzer (Applied Biosystems, CA, USA) in GeneScan mode. Standard size markers were used (MapMarker X-Rhodamine Labeled 50-1000 bp, BioVentures, TN, USA). The fragment sizes were estimated using the local southern method of the GeneMapper software (Applied Biosystems, CA, USA). T-RFs were divided into 30 operational taxonomic units (OTUs), according to the methods described by Nagashima et al. 12 The OTUs were quantified as percentages of an individual OTU per total OTU area, expressed as peak percent area under the curve (%AUC). Cluster analyses were performed using the GeneMaths software (Applied Maths, Kortrijk, Belgium), based on the BslI T-RFLP patterns.
Fecal short-chain fatty acid (SCFA) analysis
For SCFA determinations, 0.1 g of feces was transferred to a 2.0 ml tube containing 1.1 g of zirconia beads and suspended in 900 ml of 0.1 mM perchloric acid solution with 3% phenol. Samples were heated at 80 C for 15 min, vortex-mixed for 45 s using a FastPrep 24 homogenizer (MP Biomedicals, Santa Ana, CA, USA) at 5 m/s, and centrifuged at 15,350 Â g for 10 min. The supernatant was passed through a 0.45-mm filter (DISMIC13HP; ADVANTEC, Tokyo, Japan). SCFAs (acetic, propionic, butyric, iso-butyric, succinic, lactic, formic, valeric and iso-valeric acids) were determined by high performance liquid chromatography (Prominence, SHIMADZU, Kyoto, Japan) using a post-column reaction with a detector (CDD-10A, SHIMADZU), two tandemly arranged columns (Shim-pack SCR-102(H), 300 mm Â 8 mm i.d.; SHIMADZU), and a guard column (Shim-pack SCR-102(H), 50 mm Â 6 mm i.d.; SHIMADZU). A mobile phase of 5 mM p-toluenesulfonic acid and a reaction solution of 5 mM p-toluenesulfonic acid, 100 Â M EDTA, and 20 mM Bis-Tris were used. The flow rate was 0.8 ml/min and oven temperature was 45 C. The detector cell temperature was maintained at 48 C.
Statistical analysis
All statistical analyses were performed using the JMP statistical software package, version 15.0.4849.1003 for Windows (SAS Institute Inc., Cary, NC, USA). The results were expressed as mean AE standard deviation (SD) or median (range). Patients' characteristics and nutrient intake profiles were compared in the placebo and the two TGD groups, and between control, BMs-C, BMs-M and BMs-D groups using the Kruskal-Wallis and Steel tests. The Mann-Whitney U test was used to compare the control with BMD patients. The relative abundances of specific bacterial groups were reflected through their T-RF peak areas, and the percentage values and amount of SCFAs were compared between placebo, TGD300 and TGD900 groups using two-way analysis of variance and Bonferroni post hoc test before and after treatment. Microbiota and SCFA contents were compared in the control, BMs-C, BMs-M and BMs-D groups using the Kruskal-Wallis and Steel tests. The Mann-Whitney U test was used to compare the control and BMD groups. The improvement ratio of bowel movements was calculated as (number of BM improved patients)/ (number of BM improved, unchanged, and worsened patients)Â100 and was compared in placebo and the two TGD groups, or the control, BMs-C, BMs-M and BMs-D groups, using 2 test. A p value < 0.05 was considered statistically significant.
Results
Flow diagram of patients included in the study
In a previous study, 1 between December 2007 and March 2009, 74 T2DM patients from our outpatient clinic (Nagoya City University Hospital) were recruited and 66 (38 men, 28 women) were randomized into the following groups: placebo (n ¼ 21), TGD300 (n ¼ 23) receiving 300 mg of TGD a day, and TGD900 (n ¼ 22) receiving 900 mg of TGD a day. Six patients did not complete the study, with five discontinuing the treatment; one patient was hospitalized because of recurrence of cerebral infarction and left the study. Because fecal samples of 11 patients, before or after treatment, were lost, 49 patients (16 in the placebo group, 16 in the TGD300 group and 17 in the TGD900 group) were included in the evaluation in this study ( Figure 1 ).
Patient characteristics
The distribution of baseline clinical characteristics (age, sex, body mass index (BMI) and HbA1c) of patients in the three groups was similar. No significant differences were observed between the three groups concerning bowel movements, exercise frequency and nutrient intake profiles ( Table 1 ).
The effect of TGD treatment on fecal microbiota and fecal SCFAs
To investigate the effect of TGD on fecal bacterial communities, the bacteria from the placebo, TGD300, and TGD900 groups were analyzed by T-RFLP (Table 2) . Some changes in the fecal flora were shared between the groups, and some were group-specific. For example, before TGD treatment, bacteria from Clostridium subcluster XVIII were significantly less abundant in TGD300 and TGD900 groups than in placebo group (p < 0.05). No such differences were noted for other bacterial groups. After TGD therapy, the relative abundance of Bifidobacterium spp. was significantly decreased in TGD900 group (p < 0.05) while that of Prevotella spp. and Clostridium subcluster XIVa was significantly increased (p < 0.05). The relative abundance of Bacteroides spp. in TGD900 and placebo groups, and that of Clostridium cluster XVIII in TGD300 group was significantly increased after treatment (p < 0.05).
We also analyzed fecal SCFA levels and fecal pH to evaluate the effect of TGD treatment on the intestinal environment ( Table 2) . Before the treatment, valerate levels in TGD300 and TGD900 groups were significantly lower than in placebo group (p < 0.05). Following TGD900 therapy, fecal acetate and valerate levels were significantly increased, while succinate and lactate were significantly reduced (p < 0.05). Total SCFAs were marginally increased after this treatment (p ¼ 0.09). Formate and valerate levels were significantly increased after TGD300 treatment; however, significant increase of the former was also observed in the placebo group (p < 0.05).
Comparison of characteristics of patients with and without BMD
The distribution of clinical characteristics of patients with and without BMD (age, sex, BMI and HbA1c) was similar. No significant differences were observed in the control, BMs-C, BMs-M and BMs-D groups or the control and BMD groups with respect to exercise, the treatment with TGD, and nutrient intake profiles (Table 3 ).
Fecal microbiota and fecal SCFA levels in patients with and without BMD
To compare the intestinal microenvironments of patients with and without BMD, the relative abundances of fecal bacteria, SCFA content and pH were analyzed ( Figure 2) . No difference between the relative abundances of Bifidobacterium spp. was observed between the groups (Figure 2(a) ). In contrast, the abundance of bacteria from the order Lactobacillales was significantly lower in patients with BMD than in control patients (p < 0.05, Figure 2 (b)). Bacteria from Clostridium cluster IV, Clostridium subcluster XIVa and Clostridium cluster XVIII were significantly more abundant in samples from patients with BMD than in control patients (p < 0.05, Figure 2 (e), (f) and (h)). Compared with control, bacteria from the order Lactobacillales were significantly less abundant in BMs-C and BMs-D group samples, and Clostridium cluster IV bacteria were significantly more abundant in BMs-C and BMs-M group samples (p < 0.05, Figure 2 (b) and (e)). Furthermore, compared with the control group samples, Clostridium subcluster XIVa bacteria were significantly more abundant in BMs-D group samples, while Clostridium cluster XVIII bacteria were significantly more abundant in BMs-C and BMs-D groups (p < 0.05, Figure 2 (f) and (h)). Compared with the status quo before the treatment, no differences in fecal microbiota were observed after treatment within each bowel movement group (data not presented).
The fecal pH was significantly higher in samples from BMD patients than in control samples (p < 0.05, Figure 3(a) ).
Furthermore, the fecal pH was significantly higher in the BMs-M group, but not in BMs-C and BMs-D groups, than in the control groups (p < 0.05, Figure 3(a) ). No significant differences in individual SCFA content were observed in no BMD versus BMD comparisons (Figure 3(b) to (i)). After treatment, fecal SCFAs and pH were unchanged in each group (data not presented).
The effect of TGD treatment on bowel movements
To investigate the effect of TGD treatment on bowel movements, bowel movements before and after treatment were analyzed. The bowel movement Figure 4 ). One patient in the placebo group had constipation and one patient in the TGD900 group had diarrhea. Bowel movements in BMs-C and BMs-M groups were improved by TGD but not by placebo treatment. Some patients in the control group had improved bowel movement, probably because the assessment relied on a patient-reported outcome. In the control group, there was no difference in the bowel movement improvement ratio between placebo and TGD treated group (Figure 4) .
Discussion
In the current study, we investigated the gut microbiota and fecal SCFA levels of patients with and without BMD before and after TGD treatment. To the best of our knowledge, this is the first report of this kind. T2DM is a metabolic disease primarily caused by obesity-linked insulin resistance, and recent studies have demonstrated a relationship between the composition of intestinal microbiota and metabolic diseases, such as obesity and diabetes. 13, 14 We had previously shown that T2DM in human is associated with compositional changes in intestinal microbiota, and these compositional changes were involved in lipid and glucose metabolism. TGD treatment improves metabolic condition of T2DM and affects fecal microbiota, that is, increases the proportion of Bacteroidetes. 3, 15 Gut dysbiosis in irritable bowel syndrome (IBS) has been well documented and the improvement of symptoms, including altered bowel habit and stool formation, by the manipulation of gut microbiota using probiotics, prebiotics or antibiotics suggests that dysbiosis may play a potential role in the pathogenesis of IBS. 16, 17 Gut dysbiosis is also involved in the pathogenesis of functional constipation, which is supported by the accumulating evidence on the efficacy of probiotics, prebiotics and symbiotics in treating this condition. 7, 8 In the present study, significant differences were observed in gut microbiota of T2DM patients with and without BMD. TGD treatment (TGD300 þ TGD900 group) improved bowel movement compared with the placebo group (p < 0.05, data not shown) via improvement of intestinal microbiota. Regarding the reason for the higher improvement ratio of bowel movement in the TGD300 group than in the TGD900 group, it is possible that the individuals in the TGD300 group exercised more, but the actual reason is unclear. Lower level of Bifidobacterium spp. and Bacteroides were reported in stool in IBS patients both with constipation and diarrhea, 18 but no difference in their relative fecal abundances was observed in the present study. Furthermore, Lactobacillus spp. levels were similar in IBS patients and healthy controls; 18 however, in the present study, we noted a lower abundance of the order Lactobacillales in BMD than in the control in T2DM patients. Different microbiome might be involved in the pathogenesis of BMD in patients with IBS and T2DM. As one of the major metabolites endogenously produced in the colon, SCFAs serve as an energy source for colonocytes and regulate colonic motility and secretion. [19] [20] [21] Based on their physiological effects, excess of certain SCFAs, for example iso-butyrate, might contribute to the pathophysiology of constipation. 22 However, Soret and colleagues 23 reported that butyrate increases the proportion of enteric neurons that express acetyltransferase, which can promote colonic motility by the cholinergic pathway. Therefore, the role of butyrate in constipation is unclear. Shi and colleagues 24 demonstrated that acetate, propionate and butyrate levels in patients with mixed refractory constipation are all significantly lower than in control individuals who had no history of constipation. Considering the previous reports and present results, gut dysbiosis may be closely associated with the pathogenesis of BMD in T2DM patients. Using rat gastrointestinal and gastric ligation models, we previously demonstrated that TGD can convert carbohydrates to oligosaccharides, such as panose and isomaltooligosaccharide, 9 which were fermented to SCFAs by gut bacteria. In the present study, TGD treatment altered the gut microbiota profile and fecal SCFA levels, including acetate, which may explain the improvement of bowel movements in subjects. SCFAs stimulate active sodium and chloride absorption in the colon, and may thus aggravate the symptoms of constipation; 20 however, the effect of SCFAs on colonic contractility, motility and transit time remains unclear. 25 Further studies are required to clarify the roles of SCFAs in the pathophysiology of human constipation.
One limitation of this study is a small number of samples and subjective definition of BMD. Rome IV criteria, 26 which utilize a subjective symptom-based classification system, are commonly used to assess chronic functional constipation. In the present study, the definition of BMD was similar to Rome IV, but bowel movement improvement was subjectively assessed by patients. However, the double-blind placebo control treatment improved bowel movements in T2DM patients with BMD, suggesting that TGD treatment indeed improves the quality of life of T2DM patients when bowel symptoms are concerned. Further larger scale study using an objective bowel movement evaluation in T2DM patients is required to verify the findings of the current trial.
In summary, we provided evidence that gut microbiota differ in patients with and without BMD, and fecal SCFA levels accompany different frequency of bowel movement in human subjects with T2DM. The TGD treatment improved bowel movements of T2DM patients. Based on the results of the current trial, we suggest that the TGD treatment alleviates BMD in T2DM patients by inducing the production of oligosaccharides in the alimentary tract and modulating gut SCFA levels.
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